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Mouse keratinocytes can be grown at clonal densities 
in dermal fibroblast conditioned medium with a calcium 
concentration of 0.02 MM. Colony forming efficiencies of 
approximately 1-3% can be achieved with primary and 
secondary cultures and up to 6% with selected subclones. 
A substrate of frozen-thawed dermal fibroblasts en-
hances colony formation over plastic. Colony size in-
creases more rapidly in the presence of epidermal 
growth factor in conditioned medium. Conditioning of 
medium by fibroblasts is optimum after day 6 of culture 
and conditioned medium can be stored at -20°C for at 
least 4 mo. 
Epidermal cell cultures have been useful for a variety of 
studies relating to differentiation and carcinogenesis [1-4]. In 
general these studies have required growth at high cell density 
or the presence of a feeder layer of mesenchymal origin. At high 
cell density cultured keratinocytes derived from mouse epider-
mis maintained proliferative capacity for a relatively short 
period in vitro due to terminal differentiation of most of the 
population [5,6]. However, proliferating keratinocyte-like cells 
derived from a mouse teratoma could be maintained in vitro at 
low cell density with a feeder layer or conditioned medium 
[7]. In order to obtain quantitative biological data concerning 
growth control, malignant transformation, or mutagenesis in 
normal mouse keratinocytes, it would be advantageous to cul-
tivate such cells under clonal conditions in the absence of a 
living feeder layer. Recently this laboratory [8] reported that 
the proliferative capacity of mouse keratinocytes could be main-
tained at high cell density by growth in culture medium with a 
reduced ionic calcium concentration (0.02-0.09 MM) and such 
cells could be subcultured. These studies have now been ex-
tended to demonstrate clonal growth capacit.y. 
MATERIALS AND METHODS 
The isolation of mouse keratinocytes from newborn epidermis has 
been reported previously [9]. Cells were derived from Balb/c (NIH 
Animal Production, Bethesda, MD) strain newborns 24-72 hr after 
bi1th. For cloning experiments utilizing secondary cultures, primary 
cultures were plated at either 3 X 10'; or 2 x 10" cells per 35 mm cul ture 
dish. For all cloning assays, cells were plated at 1 or 2 X 10'' cells per 60 
mm culture dish. After 2 weeks (with twice weekly medium changes) 
cultures were fixed and stained with 0.05% (w/v) crystal violet dissolved 
in 10% for)llalin. In most experiments colonies were scored if they 
contained mo're than 50 cells; in some experiments, colonies containing 
10 or more cells were also scored. Colony forming efficiency was 
expressed as the number of colonies after 2 weeks, div-ided by the initial 
cell input times 100%. The medium (low calcium Eagle's medium, 
LCEM) was Eagle's minimal essential medium (NIH Media Unit) 
prepared without calcium and supplemented with 8% Chelex-treated 
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fetal calf serum (Reheis Chemical Company, Kankakee, IL) and 1% 
antibiotic-antimycotic solution (Grand Island Biological Corp, Grand 
Island, NY) [8]. Previous studies had demonstrated that the calcium 
concentration of th is medium was 0.02 MM. Epidermal Growth Factor 
(EGF) was obtained from Collaborative Research, Waltham, MA. 
Subcu lture was performed by exposure to 1 ml of 0.25% trypsin in 
phosphate buffered saline (PBS) without calcium containing 1% chick 
serum (Grand Island). When cells could be seen floating, LCEM was 
added, cells triturated, counted and replated. 
Primary dermal fibroblasts were isolated from newborn mice as 
described previously [10] and plated at 12 x 10'; per 150 mm plate in 
LCEM. Conditioned medium (CLCEM) from dermal fibroblast cultures 
was collected at 48 hr intervals, centrifuged at 1200 rpm, and stored 
frozen at -20°C until further use. In some experiments the growth 
surface of cultw-e dishes was coated with killed fibroblasts by growing 
primary or secondary dermal fibroblasts to a density of 60-70% conflu-
ence, washing twice with PBS without ca++ and freezing at -20°C. 
Just prior to use, these dishes were thawed and washed once with Ca++ 
free PBS. To establish epidermal subclones, primary keratinocytes 
were plated at 2 x 10"/60 mm clish in CLCEM and 3112 weeks later 
replated at 2 X 10"!60 mm dish in CLCEM with or without 10 ng/ ml 
EGF. Cells from individual clones from these dishes were then subcul-
tured by the cloning cylinder procedure [11], grown to confluence in 
CLCEM and used in subsequent stud ies. 
RESULTS 
Preliminary studies had demonstrated that clonal growth of 
primary keratinocytes was not possible in medium with stan-
dard calcium concentrations. Medium 199 with calcium concen-
trations of 0.07 MM and serum concentration of 2% did not 
support clonal growth. Table I presents results of a primary 
cloning experiment using freshly isolated keratinocytes in 
LCEM. While LCEM alone supported minimal clonal growth, 
fibroblast conditioned LCEM with or without EGF was quite 
effective. CLCEM was also effective in enhancing cell attach-
ment during the first 24 hr (10-100X). However, CLCEM was 
required for both attachment and growth since colony forma-
tion was reduced in cells plated in CLCEM and switched to 
LCEM after attachment. In one experiment, raising the serum 
concentration of LCEM to 20% was without effect on colony 
formation. A substrate of killed fibroblasts increased CFE mod-
erately in th e experiment in Table I. In 3 additionaJ experiments 
similar results were obtained although absolute cloning effi-
ciency varied. In fibroblast conditioned medium both the num-
ber and size of epidermal colonies were increased. EGF tended 
to further increase colony size but this was not found in every 
experiment. EGF without conditioned medium was not effec-
tive. Medium conditioned by keratinocytes was also effective in 
increasing colony number but produced only about 10% of the 
enhancement observed with fibroblast conditioned medium. 
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Studies with primary cultures had indicated that colony 
forming efficiencies of approximately 1% were possible with 
CLCEM. However, the primary isolation method yields cell 
clumps as well as single cells so that it was uncertain whether 
colonies resulted from single cells. Furthermore, it was possible 
that given time to adapt to an in vitro envil·onment, keratino-
cytes migh t have an increased cloning effi_ciency. Primary cul-
tures were plated at 3 X 10'; cells/35 mm dish in LCEM, and at 
intervals individual plates were subcultured at clonal density. 
The Figure indicates that cloning efficiency actually diminished 
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for the first few weeks after primary plating but by the 3rd to 
4th week, colony forming efficiency began to increase and 
ultimately surpassed the efficiency of primary cells in this 
experiment. This pattern was reproduced in other experiments 
although absolute efficiencies varied between experiments and 
from week to week within experiments. As with primary cloning, 
fibroblast conditioned medium was required for clonal growth 
at all timepoints. A killed fibroblast substrate enhanced cloning 
in this and similar experiments. This was particularly notable 
when EGF was omitted. EGF had a significant effect on CFE 
in this experiment. This was less dramatic although still evident 
when all colonies over 10 cells in number were considered in 
the res ults (data not shown). Thus EGF in part appears to 
accelerate colony expansion yielding a greater number of larger 
TABLE I. Co lony forming efficiency of primary mouse heratinocytes 
Colony Maximum 
fo rming colony 
Medium effi ciency (%) s1ze Substrate (# Colonies/# (cells) 
ce lls plated 
X 100) 
Plastic LCEM 0.08% 10 
Plastic CLCEM 0.93% 300 
Plastic CLCEM + EGF 0.98% 300 
Killed fibroblasts LCEM 0.1% 10 
Killed fibroblasts CLCEM 1.3% 500 
Kill ed fibroblasts CLCEM + EGF 1.3% 300 
Freshly isolated keratinocytes were plated at 2 x 10" cells/ 60 mm dishes in 
LCEM. CLCEM or CLCEM containing 10 ng/ ml of EGF. Cul ture medium was 
changed 24 hr after plating and at 7 days. Cultures were fixed at 14 days ai1d 
stained with crystal vio let. All colonies of 10 cells or greater were coun ted by 
dissec ting microscope. Resuh.s for each group represent the average of duplicate 
dishes. 
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Colony forming effi ciency of mouse keratinocytes as a function of 
time in primary culture. Freshly isolated keratinocytes were plated 
directly at clonal density (zero time abscissa) or at 3 X 10" cells/35-mm 
plate. At intervals, individual plates were trypsinized and replated at 
clona l density. Clonal cultures were fixed at 14 days and stained with 
crystal violet. All colonies of 50 or more cells were counted by dissecting 
microscope. -- plastic substrate;---------- killed fibroblast substrate; 
• low calcium Eagle's medium; 0 condi tioned low calcium Eagle's 
medium; e conditioned low calcium Eagle 's medium + 10 ng/ ml epi-
derma l growth facto r. 
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colonies. This was previously noted for primary plating at clonal 
density. 
The increased cloning efficiency obtained with cells main-
tained in primary culture beyond 3-4 weeks suggested that cells 
with a high cloning efficiency could be selected from the kera-
tinocyte population. The results of 5 subcloning experiments, 
designed to select for cells with high CFE and performed as 
described in Methods, are presented in Table II. Several strains 
with a cloning efficiency routinely greater than 5% have been 
derived . Others with slightly lower efficiencies are also avail-
able. Most of these strains show optimum cloning in CLCEM 
plus EGF although strains BK4 and 5 show no enhancem ent 
wi th EGF. None of these strains can be cloned in LCEM or in 
LCEM + EGF. All of these strains maintain the typical kera-
tinocyte appearance in 0.02 mM calcium and stratify and differ-
entiate into mature squames when switched to 1.2 mM calcium 
[8]. 
The variability in absolute cloning efficiency among experi-
ments and occasionally within experiments was likely due in 
part to variability in the efficacy of conditioned medium. To 
study this possibility, cells were cloned with medium condi-
tioned at various times after plating of dermal fibroblasts. Table 
III demonstrates that optimum results are obtained when fibro-
blasts are grown for 6 days or more prior to the 48 hour 
collection. Conditioned medium stored for 4 months at -20° 
still appears to be effec tive. 
DISCUSSION 
Using techniques outlined in this report, it is now possible to 
clone primary or secondary cultures of mouse keratinocytes 
with efficiencies of 1% or greater and selected cell strains with 
efficiencies of 6%. This is accomplished without a feeder layer 
or other specialized growth substrata but requires dermal fibro-
blast conditioned medium with ionic calcium levels of 0.02 mM. 
A substratum of frozen -thawed fibroblasts enhances cloning in 
fibroblast conditioned medium. The cells derived by these 
techniques appear to be functioning keratinocytes by a variety 
TABLE II. Colony forming efficiency of selected su.bclones" 
Colony forming 
effi ciency (%) Max imum 
Line Best cloning colony (# Colonies/ #ce lls plated med ium 
X 100) size'' 
2 10 cells 250 cells 
BK-1 TNTC" 5.1% CLOEM + EGF 3 X 10'' 
BK-2 1.8% 0.6% CLCEM + EGF 2 X 10'' 
BK-3 7.7% 5.9% CLCEM + EGF 3 X 1'0'' 
BK-4 2.6% 1.4% CLCEM 4 X IO'' 
BK-5 3.0% !.3% CLCEM 3 X 10'' 
" Subclones were selected as described in text and plated at 2 x 10" 
ce lls/ 60 mm plate in LCEM, CLCEM or CLCEM + 10 ng/ml EGF. 
Cul tures were changed at 7 days and fixed at 14 days and stained wi th 
crystal vio let. Colonies of 10 or more cells and 50 or more ceLls were 
scored by dissecting microscope. Resul ts represen t the average of 
duplicate dishes. No colonies formed in LCEM. 
"TNT C = too numerous to coun t. 
,. Based on measured ru·ea of colony and average cell area assuming 
approximately lO f.UTI diameter per cell. 
TABLE Ill. Colony forming efficiency of BK-1 in conditioned ·medium." 
Cul ture nge of fibroblasts at. time of collection (days) 
3 6 . 8 lO 13 4 1110 
Colony forming efficiency" .02 ± .02 2.9 ± 1.1 4.6 ± 1.3 4.3 ± 0.6 8.7 ± 3.3 8.1 ± 0.9 
" BK-1 was plated at 2 X 10'J ce lls/60 mm plate in each conditioned medium. Primary fibroblasts were prepared as previously repor ted. On the 
day indicated, medium (LCEM) was removed, centrifuged at 1200 rpm and frozen at -20°. Fresh medium was added and the subsequent harvest 
was made on the next indicated day. All media were ~tored frozen until the fina l sample was collected. Four month frozen medium was from a 
sample condi t ioned previously by other primary fibroblasts. 
" Mean ± standard deviation of parallel media collections from sepa rate fibroblast plates tested on duplicate dishes (thus n = 4). All colonies 
~10 cells were coun ted us ing dissecting microscope. 
146 YUSPA ET AL 
of morphological, biological and biochemical assays [2) and 
with time will expand to confluence to give a population expan-
sion per dish of 10''-10" fold. Only normal human keratinocytes 
grown on a 3T3 feeder layer have been previously reported to 
proliferate at clonal density and yield high population expan-
sions [3]. The absence of a living feeder layer is advantageous 
for a variety of pharmacological studies in which information 
concerning direct effects on keratinocytes is desired. Further-
more, the total population expansion possible with these tech-
niques appears to be extremely high. For example, strain BK-1 
has been subcultured and cloned through 15 subpassages and 
appears to be morphologically stable and maintains high clon-
ing efficiency. Selected sublines can also be viably frozen for 
future studies. 
The requirement for fibroblast conditioned medium for suc-
cessful growth of all primary or secondary cells or cell strains 
has been obvious in all experiments to date. This is not unex-
pected since Karasek and Charlton reported a requirement for 
fibroblast conditioned medium to maintain cultured rabbit ker-
atinocytes for up to 21 days (12). Rheinwald and Green dem-
onstrated that mouse teratoma derived keratinocyte-like cells 
required 3T3 conditioned medium for colony formation and 
colony expansion when plated at low cell density [7]. In these 
and other studies [13] and in our own, the nature of the 
conditioning influence is unclear. The addition of positive 
growth factors or removal of inhibitory influences are both 
possible. There appears to be a specific set of condition ing 
influences required since keratinocytes could not perform the 
conditioning function as well as fibroblasts, and the ability of 
fibroblasts to condition medium was dependent on their own 
culture history . Fibroblast mediated alterations in medium 
calcium concentration to a more optimum level is not likely to 
explain the conditioning effect. Flame atomic emission spec-
trometry studies comparing calcium concentration in LCEM 
and CLCEM yielded identical results. However, fine changes, 
below the level of sensitivity of the assay, cannot be ruled out, 
nor can changes in microenvironmental Ca++ be eliminated. 
The addition of exogenous EGF had a variable effect on colony 
forming efficiency, but appeared to accelerate colony size in-
crease. This growth factor has been reported to sensitize the 
proliferative response of normal prostatic epithelium in medium 
with low calcium levels [14). The elaboration of a factor by 
fibroblasts which acts in this way specifically on keratinocytes 
is possible. 
Cloning procedures as outlined in this report indicate that 
subpopulations exist or evolve in keratinocyte cultures which 
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exhibit enhanced cloning efficiency. Preliminary experiments 
indicate that strain differences for this characteristic can be 
demonstrated , and that treatment of young cultures with car-
cinogen may accelerate increased cloning efficiencies. Addi-
t ional studies will be required to frrrnly establish these associ-
ations. Nevertheless these cloning procedures represent a major 
step toward establishing quantitative biological assays for a 
variety of pharmacological studies on mouse keratinocytes. 
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